Green phosphors have become very important for white light-emitting diodes (WLEDs) because of their high color rendering indices and high luminescence efficiencies. 2+ by other alkali earth ions. However, pure green emission with the peak position at 500-530 nm was not achieved with those phosphors. The present study therefore focused on the preparation and the luminescence properties of Eu 2+
Green phosphors have become very important for white light-emitting diodes (WLEDs) because of their high color rendering indices and high luminescence efficiencies. . Upon excitation in the UV-visible region, MSi 2 O 2 N 2 :Eu 2+ produced bluish-green emission for Ba 2+ (λ max = 495-500 nm), [3] [4] [5] yellowish-green for Sr 2+ (λ max = 540-560 nm) 2,3 and yellow emission for Ca 2+ (λ max = 560 nm). 3 Similarly, Sr-SiAlON: Eu 2+,1 and β-SiAlON:Eu 2+,6-8 produced bluish-green (λ max = 508 nm) and yellowish-green (λ max = 540 nm), respectively. Tuning of the emission color for MSi 2 O 2 N 2 :Eu 2+ can be done by varying the concentration of the Eu 2+ dopant or by replacing M 2+ by other alkali earth ions. However, pure green emission with the peak position at 500-530 nm was not achieved with those phosphors. The present study therefore focused on the preparation and the luminescence properties of Eu
2+
-doped M 2 SiO 2 N 4/3 (M = Ba and Sr) green phosphors, aiming at generating the pure green emission for use in WLEDs. The crystal structures and the luminescence properties of M 2 SiO 2 N 4/3 -type phosphors have not been reported to now. We prepared (Ba 1-x Sr x ) 2 SiO 2 N 4/3 :0.15Eu
phosphors and then measured their X-ray diffraction (XRD) patterns to investigate the substitution effect of Ba 2+ by Sr
on the crystal structures. Figure 1 shows the XRD patterns of . This volume reduction is ascribed to the nature of the chemical bonds of O . The stronger bond strength is reflected by a shorter bond length. As listed in Table 1 Figure 3 shows the substitution effect of Ba 2+ by Sr 2+ on the luminescence intensity and peak position. A significant difference between the non-substituted and the Sr
-substituted phosphors was observed for the intensity and the peak position of the luminescence. When x = 0, i.e., the nonsubstituted phosphor, was excited at 460 nm, peak emission occurred at 508.5 nm. With increasing x, the intensity gradually increased and reached a maximum at x = 0.5. Above x = 0.5, the intensity rapidly decreased with increasing x, and the luminescence was almost quenched at x = 1.0. The replacement of Ba 2+ by Sr 2+ also affected the peak position. With increasing x in (Ba 1-x Sr x ) 2 SiO 2 N 4/3 :Eu 2+ , the peak position of the luminescence gradually red-shifted up to x = 0.5, but above x = 0.5, the red-shifting occurred rapidly. The optimal composition is BaSrSiO 2 N 4/3 , because this composition phosphor produced pure green emission (λ max = 520 nm) with the strongest intensity. Figure 4 shows the emission and the excitation spectra of BaSrSiO 2 N 4/3 : Eu
. The excitation spectrum, peaking at 470 nm, was very broad with a bandwidth at half maximum of 9410 cm −1 . These results indicated that the blue LED is very suitable as a pumping source for the prepared green phosphor. It should be noted that Ba 2 SiO 4 :Eu 2+ produced the maximum intensity under 400 nm excitation. 9 We also investigated the replace- • ○ Figure 4 . Emission (λexn = 460 nm) and excitation (λems = 550 nm) spectra of BaSrSiO2N4 . These two Ca 2+ and Mg 2+ ions, however, significantly quenched the luminescence intensity, irrespective of the level of substitution (Fig. 4) . In addition, the intensity and the peak position of the phosphor was investigated as a function of the Eu 2+ concentration. It was found that the peak position was nearly independent on the Eu 2+ concentration, but the maximum intensity was observed in the 10-20 mol % of Eu 2+ in BaSrSiO 2 N 4/3 . We also measured the diffuse reflectance spectra of (Ba 1-x Sr x ) 2 SiO 2 N 4/3 :Eu 2+ to investigate how the excited states of the emitting center were affected by the substitution. As shown in Figure 5, , a strong absorption band appeared at 390 nm and a weak band at 219 nm. These two absorption bands are associated with T 2g and E g states, respectively.
10 The high-energy (HE) band was very narrow and its peak position was invariant with x: = 215.3 nm (σ = 2.0). However, its intensity increased with increasing x and reached a maximum at x = 0.5. Above x = 0.5, the intensity decreased with increasing x, and disappeared when Ba 2+ was totally replaced by Sr
. In contrast, the low-energy (LE) band was very broad and asymmetric, indicating that the excited T 2g state was complex. Significantly, the barycenter of the absorption band of (Ba 1-x Sr x ) 2 SiO 2 N 4/3 :Eu 2+ was very dependent on x. As shown in the inserted figure, with increasing x, the barycenter of the LE band gradually blue-shifted up to x = 0.3, but above x = 0.3, the blueshifting occurred rapidly. The trend of the Sr
-substitution effect on the absorbance was very similar to that on the luminescence intensity. The blue-shift of the absorption and the red-shift of the luminescence, arising from the substitution of Ba 2+ by Sr .
Experimental Section
The phosphor was synthesized by the conventional solidstate reaction method. Pure BaCO 3 (99.9%), SrCO 3 (99.9%), Si 3 N 4 (−325 mesh), Eu 2 O 3 (99.999%) and M'O (M' = Ca and Mg, 99.9%) were purchased from Aldrich and used as starting materials. There were taken in stoichiometric proportions. A mixture was thoroughly mixed in an agate mortar and then transferred into alumina crucible. The mixture was fired at 900-1000 o C, depending on the composition, for 3 h under an ammonia gas in a tube furnace.
Surface element analysis and phase information of the prepared phosphors were determined by X-ray photoelectronic spectroscopy (XPS) and powder X-ray diffraction (XRD), respectively. The XPS spectrum of the optimized phosphor was recorded on a Thermo MultiLab 2000. The XPS spectrum revealed that silicon nitride was well conserved during the solid state reaction ( Figure S1 in Supporting materials). Taking into account that the sensitivity of nitrogen element was very low in the XPS analysis, the observed mole ratio of N to Si (1.1) was very close to the calculated ratio (1.33). The XRD patterns of the prepared phosphors were measured using a Shimadzu XRD-6100 analyzer with a Cu Kα radiation (λ = 1.5417 Å) and. To measure the luminescence and excitation spectra, the sample was irradiated the light from a 1000-W Xe lamp (working power, 400 W; Oriel) passing through an Oriel MS257 monochromator. The spectra were measured at 90 o with an ARC 0.5-m Czerny-Turner monochromator equipped with a cooled Hamamatsu R-933-14 PM tube. For the measurement of reflectance spectra, samples with equivalent cross section were casted on pulverized BaSO 4 . The reflectance spectra of the casted samples were recorded on an UV-3101PC (Shimadzu) spectrophotometer equipped with an integrating sphere attachment. The diffuse reflectance spectra are reproduced in the form of α/S via the Kubelka-Munk function: 11 α/S = (1−R) 2 /2R (where a is the absorption coefficient, S is the scattering coefficient, and R is the reflectance).
